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SUMMARY

Presented in this investigation is a theoretical analysis of
the thrust augmentation characteristics of jet ejectors.
The analysis includes the effects of flow compressibility,
major flow losses, and forward speed. Numerical r- ults are
preseied in Lhe form of nomographs for a wide range of
practical operating conditions. These computations were
performed with the aid of an IBM 360 digital computer. The
chaits can be used to predict the jet ejector performance
and as such represent an effective analytical tool for
preliminary design purposes. The numerical results are used
to determine the effects of the more important aerodynamic,
thermodynamic, and geometric parameters on jet ejector
thrust augmentation. A correlation of these results with the
available experimental data is also made.
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SUBSCRIPTS

A annular
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C compressibility
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NOTE: Symbols with bars denote uniform values in the
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I. INTRODUCTION

The concept of generating thrust augmentation by means of a
jet ejector became an active research subject several
decades ago. Since then, numerous studies have been
conducted providing a considerable amount of jet ejector
data. Much of this work was done, however, for different
and diverse applications, and because of the complexity of
the jet ejector flow problems, the available information
cannot be readily used for practical applications to aircraft
design and performance.

The main objective of this program is to evaluate the avail-
able data as to their practical applicability and to extend
and modify existing theories to provide an analysis for
realistic appraisal of the potential of jet ejectors for
achieving augmented thrust.

The review of the existing literature covered a major
portion of technical reports (total 585) which are listed
in Appendix II. A discussion of the more important of these
investigations is presented in Section III.

The theoretical analyses which are formulated in Section IV
are performed for an axisymmetric ejector and include the
effects of compressibility, flow losses, and ejector geom-
etry. These analyses utilize various simplifying assumptions,
among which are the conditions that the velocity profile at
the secondary entrance is uniform and that the mixing of the
primary and secondary flows is completed at the exit of the
mixing chamber. The former assumption limits the appli-
cability of this one-dimensional theoretical approach to
not too large secondary-to-primary area ratios. A three-
dimensional analysis is indeed a formidable task and has not
been undertaken by any of the investigators in the past. To
keep the complexity of the analysis within the scope of the
present program, an empirical correction factor for thrust
augmentation ratio is herein formulated to account for the
effect of the nonuniform velocity distribution at the
secondary entrance. The latter assumption implies that the
mixing chamber length of a given ejector configuration must
be sufficiently long to ensure complete mixing of the exit
flows. No precise information is available on this subject,
and therefore a semiempirical approach is herein utilized
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for qualitative evaluation of the mixing chamber length
required for complete mixing.

Furthermore, a comprehensive parametric study is conducted
to determine the effects of the more important aerodynamic,
thermodynamic, and geometric parameters on jet ejector
performance. A discussion of these effects is presented in
Section V.

Section VI contains a correlation of the theoretical results
with the available experimental data.

Section VII contains a summary of the theoretical results
for rapid predictions of jet ejector performance. These
results were obtained with the aid of an IBM 360 digital
computer and are presented as nomographs.

I.



II. JET EJECTOR PRINCIPLE

A jet ejector is a device in which a secondary, or driven,
fluid is entrained by a primary or actuating fluid with
subsequent transfer of energy through turbulent mixing in a
mixing chamber. The primary fluid, which is originally at a
higher stagnation pressure, is discharged with a high
velocity into the mixing chamber of specific shape. Due to
viscous shear, the fluid surrounding the primary flow is
brought into motion at the entrance of the mixing chamber.
This motion causes a drop of static pressure, as a result of
which the secondary fluid, in many cases ambient air, is
entrained into the mixing chamber, The secondary flow thus
formed mixes turbulently with the primary jet in the mixing
chamber and energy transfer occurs. The mixed flow then
proceeds toward the exit end of the mixing chamber and
finally discharges to some back pressure which may be
atmospheric. If a diffuser is attached, the mixed flow
builds up some static pressure before reaching the exit. As
a result of the pumping action as described above, the total
momentum of the mixed flow at the ejector exit is increased
due to the entrainment of the secondary fluid, as compared
with the momentum of the primary jet discharged directly into
the atmosphere. Jet thrust augmentation is thus achieved.

In essence, the jet ejector can be considered as a device
which converts a low mass flow propelled at high velocity to
a high mass flow propelled at low velocity. If this is
accomplished at little energy loss, thrust augmentation can
be achieved.

The efficiency of this conversion process depends on the
ejector configuration, the detail geometry of these configu-
rations, and the thermodynamic and aerodynamic operating
conditions.

The more important jet ejector configurations are as follows:

(a) Single nozzle ejector

(b) Multiple nozzle ejector

(c) Annular nozzle ejector

3



The prime parameter affecting the performance of these
configurations is the minimum mixing chamber length required
for complete mixing of the primary and the secondary flows.
No precise analytical methods are available for determining
this parameter; therefore, a semiempirical method is herein
formulated for this purpose. An analysis of various ejector
types is presented in Section IV.

The major geometric parameters affecting thrust augmentation
are:

(a) Secondary-to-primary area ratio at the entrance
to the mixing chamber.

(b) Shape and length of the mixing chamber.

(c) Diffuser exit-to-entrance area ratio and diffuser
angle.

(d) Primary nozzle configuration and location.

(e) Secondary entrance inlet contour.

Finally, the thermodynamic and aerodynamic parameters of
importance are:

(a) Stagnation properties of the primary fluid.

(b) Stagnation properties of the secondary fluid.

(c) Atmospheric conditions at the ejector exit.

(d) Forward speed of the ejector system.

4
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III. REVIEW OF THE AVAILABLE PERTINENT LITERATURE

Presented in this section is a brief review of the state of
the art of jet ejector:. The papers selected for this
discussion are those which are more directly related to the
work under the present program, and they are herein arranged
in a chronological order. A more complete bibliography on

jet ejectors is presented in Appendix II.

The analysis performed by Roy (Reference I) deals with
compressible fluid flow under practical operating conditions
of jet ejeccors. Entrance and diffuser losses are accounted
for by assuming the flow processes as polytropic. The
friction loss at the mixing chamber wall is also considered.
This analysis results in a system of 24 flow equations for
which no close-form or digital computer solutions are
presented.

Morrisson (Reference 2) performs an incompressible analysis
in which it is assumed that the mass flow rate of the
primary jet exhausted to the ambient is the same as that
discharged into the mixing chamber. This assumption may not
be valid since the pressure reduction created in the mixing
chamber results in an increase of mass flow rate of the
primary jeL as compared to that when the primary jet is
discharged into the atmosphere. The analysis presents
charts of thrust augmentation ratio versus the mass flow
ratio. However, these charts cannot readily be applied for
determining jet ejector performance, since the mass flow
rate is unknown.

Sargent (References 3 and 4) performs idealized analyses of
the performance o. jet ejectors for both static and forward
speed conditions. In these analyses, the flows are assuned
to be incompressible and the solution for the flow equations
is made by a trial and error method with the area ratio and
mass flow ratio as variables. These analyses rely on the
assumption that the mass flow rate of the primary jet
exhausted to the ambient is equal to that of the primary jet
inside the ejector.

The analysis of McClintock et al (Reference 5) results in an
t. uation for thrust augmentation as a function of the mass

flow ratio which is not determined. In spite of the fact

5
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I.

that the analysis is performed for incompressible fluids, an
attempt is made to account for different densities of primary
and secondary flows. This appears to be contradictory, since
an incompressible analysis is only valid for primary and
secondary fluids of nearly equal densities.

Ellerbrock's analysis (Reference 6), which includes the loss
due to wall friction, treats compressible flow for constant
area mixing. How ver, in obtaining solutions to the flow
equations, assumed values of the pressure ratio at the
ejector entrance plane to that of the ambient are introduced.

The analysis performed by von Karman (Reference 7) presents
the basic information on cylindrical jet ejectors operating
tinder idealized, incompressible flow conditions. The
expressio. for th2 nondimensionalized vtlocity of the mixed
flow at the exit appears to be erroneous, although the
relationship ior thrust augmentation ratio finally obtained
is correct. in this analysis, an attempt is made to account
for thu effect of the nonuniform velocity profile at the
secondary entrance on jet ejector thrust augmentation. How-
ever, the analysis utilizes the assumption that the mass flo,
rate for the nonuniform velocity profiie is the same as that
in the case of uniform velocity distribution. As the result
of this assumption, ao increase rather than a reduction in
thrust augmentation is achieved.

Szczeniowski, in his incompressible analysis (Refer'ici, 8),
co!side rs a hypothet ical approach in which moment im and
erLg rg' are transferred between the pri ::arv and seconda rv
st reams while the two flows rer,,ain sepa:at, at the exit of
the ,:jectur. The justification of this approach is rather
di f ficult.

"and, -s et al (Reference 9) compute the ejector thrust by
intej ation of surface prtcssures; ho%,ever, the momentum of
the flow from the exit of the ejector is completly ignored.
I'his approach does not yield the total thrust auimentation.

The analysis performed by Bertin et al (Reference 10)
utilizes the usua l one-(Fmensional flow approach but yields
no close-form solution for the jet ejector performance. The

6



performance charts presented in this reference have limited
practical application be~aiise L"mass flow ratio whicri is
used as an independent variable cannot be determined.

Chisholm's work (Reference 11) covers compressible and
incompressible flows with constant area and conlstant pressure
mixing. Although the ejector flow equations are formulated,
rio solution has been attempted for determining ti... thrust
augmentation ratio.

Reid's inve ;tigation (Reference 12) is chiefly aimed at the
reduction of jet noise by means of an ejector; however, an
expression of a so-called thrust parameter is presented. A
simplified theoretical aaalysis foi constant .imixing with
assumed common stagnation temperature for the primary and
secondary streams is presenterd. The analysis indicates that
although the system of flow equations formulated can be
solved in principle, the numerical solutions are %very
difficult to obtain.

The analysis presentod in Reference 13 is for a constant
pressure mixing jet ejector with diffuser. The primary and
secondary flows are assum,2d to have the same stagnition
temperature. As pointed out in this reference, the system
of equations can be solved when tC~i mixing pressuro is ko%%i.
However, since the mixing pressure is one of the pardir eters
to be determined, this analysis has no direct practical
application.

-storkebaum in his work (Reference i4) deals with >-oth
incompressible and compressible f-lo,., analyscs. For tne-i
incompressible case', Icide31 iZCOd 011ruA '0 t~mrt~
is oresented as a 1!un1CL01 01 onulhesCudrvtp :;vare
rat io. vte ezffect ifth, lexioses at the e~ltan c, to the
mixing; chaziber is Aks, j~d.in the :c-prtessiblt, analys
thle emniat i ns o r th-ust arcti'narc r~ltd
however, the p1xdr XOR i- sO vn OIhe 1'( Uat ~*
presented.-

Wan performs, an inco.-1rprcssi ble ana lvSi s (Referunce 15)
similar to that presenited by von Kirman (re'erence 7), -wIth
the exception that the rmixed t'ic-w vel ,city at the cjector

7



exit is considered to be nonuniform. However, the validity
of this analysis appears to be doubtful because, despite the
nonuniformity of the exit velocity, the static pressure at
the exit is assumed to be uniform.

Payne (Reference 16) conducts a theoretical analysis of a
jet ejector with constant pressure mixing treating flows as
incompressible. This analysis indicates that the optimum
thrust augmentation is primarily dependent on the diffuser
efficiency and that augmentation ratios as high as 4.0 or
more are possible with high diffuser efficiencies. This
conclusion is based on an infinite secondary-to-primary mass
flow ratio which cannot be achieved in practice. Also, in
performing the differentiation process to obtain optimum
thrust augmentation, the analysis uses the pressure in the
mixing chamber as the independent variable and considers the
mass flow ratio as a constant. This appears to be incorrect,
since the mass flow ratio appearing in the basic flow
equation is a function of the pressure in the mixing chamber
and cannot be treated as a constant. Furthermore, in the
breakdown of the location of thrust increase , the analysis
indicates that the largest contribution to the total thrust
augmentation is due to the bellmouth lip intake rather than
the change of momentum of incoming and outgoing flows. ND
experimental data are presented to justify this conclusion.

Sandover (Reference 17), utilizing the work of Payne
(References 16 and 18), performs an analysis also based on
one-dimensional inco:ipressible fluid flow. This ar-alysis
commences with an assumption that the constant pressure in
the mixing chamber can be achieved with a uniform cross
section of the chamber; then an attempt is made to determine
the optimum exit-to-entrance area ratio. Furthermore, the
analysis indicates that an increase in thrust augmentation
can be achieved by increasing the temperature oF the primary
jet flow. This is consitered to be incorrect fur both the
incompressible or compressible flow analyses. In the former
case, temperature does not affect tie thrust; in the latter
case, al indicated in the present report, the increase of
the primary jet temperaturm results in a decrease ratner than
an increase of the thrust augmentation ratio. This result
has been verified by available experimental data.

8
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From the above review, it is seen that little usable informa-
tion on jet ejector performance is available in the existing
technical literature. Despite the fact that in numerous
investigations, equations representing the ejectoL flows are
formulated, no explicit solutions are presented for the
practical evaluation of jet ejector performance. In the
cases where some numerical solutions are presented, they are
generally expressed as functions of such parameters as the
mass flow ratio, the pressure at the mixing chamber entrance,
primary jet Mach number, etc., none of which can be readily
determined.

J



IV. THEORETICAL ANALYSES

As pointed out in the previous section, the presently
available literature does not provide adequate information
on the thrust augmentation characteristics of jet ejectors.
Existing analyses were therefore modified and extended and
practical methods were formulated by means of which the
potential of jet ejectors can be effectively evaluatea.

Because of the complexity of the problem, the following

simplifying assumptions are made:

(a) The ejector geometry is axisymmetrical.

(b) The vc'ocity and static pressure of the primary
and secondary flow are uniform at the entrance
plane to the mixing chamber.

(c) The static pressures of the primary and secondary
flows at the entrance to the mixing chamber are
equal.

(d) The velocity and static pressure of the mixed flow
are uniform at the exit of the mixing chamber, and
in the case of an ejector with diffuser are
uniform for any cross section of the diffuser.

(e) Both the primary and secondary fluids are perfect
gases having the same specific heat.

(f) The pressure at the exit of the mixing chamber, or
in the case of a diffuser, at the exit of the
diffuser, is equal to the ambient pressure.

(g) The stagnation conditions of the primary flow are
unaffected by the presence of the ejector, and the
losses in the primary flow up to the exit of the
nozzle are neglected.

(h) No heat losses occur at the mixing chamber and
diffuser walls.

(i) The motion of the ejector system, if any, is in
the same direction as that of <,e primary jet flow.

10
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With these simplifying assumptions, the ejector flow field is
reduced to a onn-dimensional fluid flow pioblem which can be
treated analyti,:ally utilizing the following principles of
fluid dynamics:

(a) Conservation of mass.

(b) Conservation of energy.

(c) Newton's second law.

(d) Equation of state for perfect gases.

(e) Thermodynamic processes of the flows.

The fornmlation of the jet ejector flow equations is herein
accomplished utilizing Figure 1. As indicated in this
figure, various stations of jet ejectors are designated by
numbers (0), (1), (2), and (3) which are assigned to
represent the respective stations of the jet ejector flows
as follows:

Station (0) Upstream of the entrance of the mixing
chamber.

Station (1) Plane at the entrance of the mixing
chamber, which is also the exit plane
of the primary nozzle.

Station (2) Plane at the exit of the mixing chamber,
which is also the plane at the entrance
of the diffuser.

Station (3) Plane at the exit of the diffuse,

Utilizing the nomenclature of Figure 1 and the assumptions
and conditions described above, the following jet ejector
flow equations are obtained:

11
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Figure 1. Schematic Representation
of Jet Ejector Configuration.

12



Continuity in the Mixing Chamber

ppV, +CE PiSVs = (aE + ) p 2 V2  (1)

Continuity in the Diffuser

P2 V2 
= cop 3V3  (2)

Momentum Across the Mixing Chamber

pip VIP 2  aEpIpVs 2  (aE+ I) p2V2

(aE+I)(P 2 -Pl) =  g + g g

(aE +)f(L/D)(PIS+p 2 )(VIs+V 2 )2

4g (3)
4g

Conservation of Energy in the Mixing Chamber

2
pIpVl p cpTop J+aE PIsVIS. pT 0 J + V

p 2g)
+ V2 (4)P2 2g

Conservation of Energy in the Diffuser

Y 2 +V22 _)e Pa V 32
y-1 Pz 2g -y p3 2g

13



Conservation of Energy for the Primary Flow up to the
Nozzle Exit

yf PI VI 2 (6
Cp Top J 3 7  + P-I pip + 2g

Conservation of Energy for the Secondary Flow up to
the Entrance to the Mixing Chamber

V2 2
1 y PI V1 2

cpToJ+ 2+ 7- s 2g(7)

Isentropic Process of the Primary Flow

y
P- (- P' YT (8)

Pop \y-I ppcpTopJ/

Irreversible Adiabatic Process for the Secondary Flow
up to the Entrance to the Mixing Chamber

2Y

P 7 E Y-1 PIsCpTo J 77 c- I jg ) J,

Irreversible Adiabatic Process in the Diffuser

2 2 2 y(.0
P2 (2 Y-1..P2 + 7vD I"o

PC P3 P2 -+ g V '
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The unknown quantities in the above equations are: P, , P ,
VI I V , V2 , V3 , P 0 , IPIS P2 , and P3 . The problem
basically reduces to a simultaneous solution of 10 nonlinear

equations with 10 unknowns. As can be noted, no close-form

solution for these equations is possible, and even an
iterative solution with the aid of a digital computer is
indeed a formidable task.

Hence, in order to obtain a practical evaluation of jet

ejector performance, further simplifications are necesoary
in the analysis.

The present approach consists of first formulating a very

simplified analysis, defined herein as the idealized
analysis, which enables rapid prediction of maxinmum thrust
augmentation and the entrainment ratio of jet ejectors, for

the most idealized flow conditions. The idealized analysis
is herein formulated considering perfect fluid flow with no

losses and no forward speed effects. This analysis is
performed for two types of jet ejectors with constant area
mixing and constant pressure mixing.

As a second step, a practical analysis is formulated. This
analysis consists of two parts:

(a) The effects of major flow losses, forward speed,

and diffuser are considered assuming incompressible

fluid flow.

(b) The effect of flow compressibility is determined

on the basis of no flow losses, no diffuser, and
no forward speed.

This approach makes it possible to perform with reasonable

computationai effort a comprehensive parametric study of the
relative importance of the individual flow parameters on jet
ejector performance and also provides a practical method for
the evaluation of various jet ejector systems.

A. IDEALIZED ANALYSIS

The idealized analysis, which in part is also presented in
Reference 7, utilizes the following additional simplifying
assumptions:

15



(a) The flows are incompressible, which implies that
the fluid density is uniform and constant
throughout for all the flows and is unaffected by
temperature and pressure.

(b) All flow losses are neglected.

(c) The ejector system has no forward speed.

These assumptions apply to both constant area mixing and
constant pressure mixing.

i. Constant Area Mixing

The thrust augmentation ratio 4 is defined as the ratio of
the thrust produced with an ejector on F3 to that produced
by the primary jet when it is discharged directly into the
atmosphere FOP.

Thus,

F3@: F (11)
Fp

where the thrust produced by the ejector is given by

P 2
F3: A V3A (12)

and the thrust produced by the primary jet discharged
directly into the atmosphere is

Fop: -- AIpVOP 2  (13)
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Substituting equations (12) and (13) into equation (11),
there follows

2
A 3 V3

(
Ap Vop

Applying Bernoulli's equation for the primary flow
discharged into the atmosphere and the primary flow
discharged into the ejector, and assuming that the
stagnation pressure Po p is not affected by the presence of
the ejector, there results

pop: P0 + p:Pp 2 (15)
2g p p gPp

Also applying Bernoulli's equation between stations (0) and
(1) for the secondary flow,

PO: Pis + 2P Vs (16)

Fro7.n equations (15) and (16) there results

P, + -- 2 + 2= _ , (17)
I+S C Vi +-V P's 2gP g p 'p 2g p

Using the assvclption that PI P s equatio: (17) reduces t

2 2 2Va -V s

17



or

~ (18)

Substituting equation (18) into (14) yields

The analysi will now proceed to develop the relationships
for VIs/VIP and V3/V1 in terms of the area ratios
a(: A 5/AI P  and ac IA3/A2 = A 3/(A1 p + A;s)

Ising the continuitv equation between stations (1) and (3),
there results

A, pVp+ A,,V 1 5: A3V 3  
(20)

Equation (20) reduc'es to

(a+)aO(~p) -1 ()

Applying Bernoulli ' equation between stations (2) and (3),

using P3 PO, there follows

P2  2g+ p V PO + g0-pV 3
2  (2 :)
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Substituting equation (16) into equation (22) yields

2 2 2 (23
P2-!js + IpVs2 +- -pV 3 - IpV2 (23)

Also, from momentum considerations between stations (i) and
(2), there results

pp 2 p 2
AiP~p+iSFS~AP 2 :A 2  . ---~ A1 V1 --- AsV 1 S  (24)Aiplp I+AISF'IS - A 2 p 2 = - L - A 2 V : - -± AP P gl I

Substituting equation (23) into (24) and using PpP 5s
yields

+2 1p2 I 2: p 2  Ap 2

(Ap+A1s)P 5s-A 2(Pis+ -PV -- pV2 ) -A 2 V2 - --
2q S2g 2 9 9 9

Equation (25) can be simplifik d as follows

(aEV A(s 2 (26)

From continuity equation between sLations (2) and (3),

V2 -aoV3  (27)

Squaring equation (27) and substituting into equation (26)
yields

2
2 (V 3\

2 (aE+')(ao+') -2
9(28)
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Squaring equatioL (21) and equating it to equation (28),
there results the following quadratic equation for V3/VIp

2 +
2(aE-1)aD (V3 2ar-I --a -aD (29)

Solving equation (29), the relationship for V,/Vip is as
follows:

:-(aE-I)aDt aE 2 /a++ 2 "2E-I (30)V, 2 2

'PE D

It can be noted thac the velocity ratio V3/V- must always
be greater than zero for all positive values of the area
-atios aE and aD. Since D > 1, there fdlows that for

aE _ 0, the positive sign in front of the second terms
must be used. Hence,

2
V3: -(E-I)aD+aE" 2aD+ 2aE-2D(31)

T1P aE+aD'

Substituting equation (31) into equation (21) yields

(Vt~)(aE+I) aD[-(aE-I)aD+aEV/aD+ 2 aE-I ]-(aE2+ac) (32)

aE(aE+ D~

Finally, substituting equations (31) and (32) into eqiuation
(19), the thrust augmentation ratio 0 can be analytically
expressed as follows:

a E 2 ( [E+I)ao -(aE-I) (D+aEvI aD 2 -+2aE-I 2

2D. 2E 2 2 2 2 2_2

aE (E+aO)- {(aE+I)aD[-(COE-I)aD+aE aD+2aE-I]-(aE+aD)}

...(33)
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Similarly, the mass entrainment ratio w is given by

Vi a +i)aD)[-(aE-I)aD+aE %/aD+2c-Ij (aE2 +aD) (34)W ' _E +aE+a

For a special case of constant area mixing condition with no
diffuser, i.e., aD = 1.0, the thrust augmentation ratio
reduces to

(aE+ I)[ (EI)+ aEV2al (3)
a: .2 r + _2 a aE+ I) / 2 52
QETI ) L a

and the mass entrainment ratio becomes

(aE-) [-aEo + E iaEl-(aE+) (36)
2

aE+ I

It can be seen from equation (35) that 0 approaches a limit
of 2.0 as aE tends to infinity. This obviously is not true
even under idealized conditions, since an ejector with
infinite secondary-to-primary area ratio is equivalent to a
free jet discharged into the atmosphere, in which case no
thrust augmentation exists and hence 0 = 1.0. This
discrepancy is attributed to the unrealistic assumption that
the seccndary velocity at the entrance to the mixing chamber
is uniform regardless of the area ratio. A discussion on
this subject, together with the derivation of an empirical
correction factor for the nouniform secondary entrance
velocity profile, is presented later in this report.

2. Constant Pressure Mixing

Thc mixing chamber of an ejector is sometimes of variable
cross-sectional area. Due to the lack of information on the
longitudinal pressure variation inside the mixing chamber,
it is, in general, difficult to express the pressure force
on the walls in the momentum equation. However, one
configuration exists for which an analysis can easily be
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performed. This is the so-called constant pressure mixing
configuracion which implies that: the pressure inside the
mixing chamber is considered constant throughout.

Thus, for constant pressure mixing, the additional condition
is that the stagnation pressur s P P , and P2 are equal
and can be denoted as P. P s

Furthermore, since the contour of the mixing chamber in this
case varies such as to maintain the constant pressure
requirement, the area at the exit of the mixing chamber A2
cannot be equated to A, p FAs ) but must be determined from
the analysis.

It should be noted that if the flow from the mixing chamber
is directly discharged into the atmosphere, the pressure
throughout the ejector would be atmospheric. In such a case,
there would be no secondary flow entrainment and, therefore,
no thrust augmentation, i.e., 0 - 1.0. It therefore follows
that a diffuser is required to create a pressure drop in the
mixing chamber which would entrain secondary flow in order
tc produce thrust augmentation (> I.O).

The idealized analysis for constant pressure mixing can be
performed in a manner similar to that for constant area
mixing. Thus, using equation (19), the relationsaip for
thrust augmentation ratio 0 can be rewritten in the following
form:

(A3 )A2) (A:)(V3) 2

(A A2 \ V\

aEa C)(I}VI,

(V )2  (37)
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In order to obtain the solution for the thrust augmentation
ratio for constant pressure mixing, it is now necessary to
determine the area ratio A2 /A 8  as well as the velocity
ratios V3/VIp and VIS/VIP . This can be accomplished as
follows:

Using the continuity equation between stations (1) and (2),
there results

AipV1p+AIsVIs=A2 V2  (38)

Also, applying momentum considerations between stations (1)
and (2) and considering the constant pressure condition at
the mixing chamber walls, there follows

(2) pA2 V 2 pAIpVI P2 pAsVI 2  (3)
PAip+ PAIS -PA 2 PdAn =  g - (

(I)

where dAn is the axial component of the incremental ejector
surface area.

(2)

The integral fPdAn is given by
(I)

(2)
fPdAni=P(A1P+A15 -A2) (40)

Substituting equation (40) into (39), there results

AlpVIP 2+ A,,V, 2= A2V2
2  (41)
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Squaring equation (38) and dividing by equation (41) yields

2 (ApVIp+A I sVIs)2 (42)
Av, + A,5 ,

Equation (42) can be transformed as follows:

-L VIs. 2

_A [I (vlp)] (43)
A j- I VI\

S aE \ V 1P ~)

Using equation (20), the velocity ratio Vs /Vp can be
expressed as follo-"

(+ ) =a() I ( V3) 1~(4

Substituting equation (43) into equation (44) and solving for
V3/Vjp , there follows

2

+ \Vp/IT--"(45)

[ 'I Pv, I
aD a E + %Vp]J

Also, from equations (23) and (27) and the constant pressure
condition, there results

(Vs) (46)
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Equating equations (45) and (46) and simplifying, the
following quadratic equation for VIs/Vlp is obtained:

ID+ -( ) D 0 (47)

Solving equation (47) for Vis/Vip , there results

22
(V is) -aD±- C/D+ 4 aE aD 2a-/a-) (48)

WV, p) 2 aE(aD_ /a 0 -l)

It can be noted that the velocity ratio VIs/V 1 p must be
greater than zero. Since in equation (48) the term

2 2
V//D+ 4 aE CaDI (CD- ,ao-I) >aD

for a0 > 1.0 and aE> 0, the velocity ratio Vsi/Vj will be
greater than zero only if the positive sign in front of the
square root term is used. Hence,

2 22
(Vj,'% -a+ aD+ 4CEN-- C0 (aD-,CD-I)

VIP 2 E(D- a - I)

Finally, substituting equations (43) and (46) into equation
(37), the thrust augmentation ratio 0 for constant pressure
mixing can be expressed as a function of area ratios aE
and a0 and the velocity ratio V1s/Vjp . Thus,

() [,+ (v) (50)a- ( V-, PS [, j [+aE, ° _I' o
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where VIs/Vgp , as given in equation (49), is also a function
of the area ratios aE and ao only.

Similarly, the mass entrainment ratio w can be expressed as

wC (i) -%±\ aJ+4aE /i(a- / (51)

2 (a D 0 D- )

For the special case of constant pressure mix ; ejector
without diffuser, i.e., a0  1.0, it is evident from
equation (49) that VIs/VIP= 0.

The above result indicates that for the case of no diffuser,
i.e., a0  1.0, there will be no secondary flow and,
therefore, no thrust augmentation.

B. PRACTICAL ANALYSIS

Presented in this section is a practical analysis which
includes the effects of many important jet ejector flow
parameters neglected in the idealized approach yet yields
solutions with a relatively reasonable computational effort.
This analysis pertains to a jet ejector with constant area
mixing having a conical diffuser attached to the exit of the
mixing chamber.

As mentioned previously, the practical analysis is performed
in the following stages:

1. The Incompressible Analysis With Flow Losses

Although this analysis is based on the i'ncompressible fluid
flow conditions, it includes the following practical
operating conditions and flow Losses:

(a) Effect of forward speed (parallel to ejector
walls).

(b) Effect of diffuser.
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(c) The total head loss at the secondary nntrance to
the mixing chamber.

(d) The friction head loss at the mixing chamber walls.

(e) Total head loss in the diffuser.

For the incompressible analysis including the flow losses
and the operating conditions specified above, the jet ejector
flow equations (1) through (10) can be reduced to the
following:

Continuity in the Mixing Chamber

Vlp+aE VIs (aE+ I)V2  (52)

Continuity in the Diffuser

V2 -aoV3  (53)

Momentum Across the Mixing Chamber

pVp EPVIs

(aE+1) (P2 - PI) : +
9 g

(aE+)PV2 (aE+) f (L/D)p(VS+V 2 )2

g 2g

Bernoulli's Equation for the Secondary Flow up to
Lhe Entrance to the Mixing Chamber

2 2

P VCJ 2 p(I +XE)VIs (55)Pa + 2"' g
2g2
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Bernoulli's Equation for the Flow in the Diffuser

F 2 121 2

2g

The solution of the system of five equations, (52) through
(56), is similar to that presented above for the idealized
theoretical analysis. In the final analysis, the five
equations can be reduced to one quadratic equation for the
nondimensional mixed flow velocity at the exit of the
diffuser V3 /V1p. This equation is

2 22 2] +

[X~aE-t D 22 22

f( )2a+ (L/D)(2a+)2 a2+ X} 1)

2[(L/D)(2aE+) 2 0+ XDa(a2-V)]}V(V) 2 +

22

{(2aE-1) +u2 aE(WE -2)-[XE- f(L/D)] +kL' f(L /D)}:0 (57)
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Also, the nondimensionalized secondary velocity ratio
VIs/V 1 p is given by

V (aE +I)ao w- )- I- I

(V~' VP (58)
(VI PaE

The thrust augmentation ratio 0 for the ejector with forw'ard
speed VC( is given by

(aE+ 0)a DV3(V3 -VO ) +VI pV(

Vap

Equation (59) can be expressed in the following form:

3 [-(I+XE)[(aE + Iao ()I } }>E) IW 1)a .I)V

...(60)

where
V cc(61)
Vap

The mass entrainment ratio w is

Wa± -  (62)
VIP ,

The above analysis is utilized to determine the effects of
various flow losses, diffuser area ratios, and forward speed.
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2. Effect of Flow Compressibility

As discussed previously, the effect of fLow compressibility
is treated assuming no losses, no uiffuser, and no forward
speed. This analysis utilizes the flow equations (1)
through (10), with the following conditions:

VC :f(L/D): XE z XD: 0

a :7?E:77D = 1.0  (63)

P2 : FIG

!sing the above stipulated conditions, the jet ejector flow
equations (1) through (10) can now be reduced to seven
equations with seven unknowns, which are FppPtSP2, VIp,
VIs ,V 2  , and P, . These equations in their non-
dimensionalized form are as follows:

Continuity in the Mixinjg Chamber

/p, V( (v(
P -O+ak ) 0~ -v l-O+I -) ( , (64)

Momnenturn Across the Mix iiw, Cha-mbe r

(ar+I)MP- PI -I Pl\ VP2  aE/I VS2 (E0tP

_____J (O/ )P 9 (T p V -VP

(65)

Conservation of Lnergv in the Mixing Chamber

/Pip\/Vi !PIS) ~ S/ T0 ) = (aE+I) /P2 \/ V2 ) P2  V2(-) -IP +-L-* a( E -f -- 2-
P/VP Ppi~ \Vafop T0 P cTOJ P.!\V0.!P Y 1 P2 2

(66)
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Conservation of Energy for the Primary Flow up to

the Nozzle Exit

2gcpTopJ 2gcpT,PJ I p

2 2 + - (67)
Vp ap

Conservation of Energy for the Secondary Flow up to

the Entrance to the Mixing Chamber

2gcpTOJ 2gcpTsJ ( Vs\2

"2 = 2 + -- (68)ya p yap yp

Isentropic Process of the Primary Flows

P__ [_2_ P Y Y- (69)
Pop Y-I ppc~

Isentropic Process of the Secondary Flow

P' [ P' -Y (70)PO [Y-, pis cTo j

In these equations, pop and Vop refer to the density and
velocity, respectively, for the primary jet exhausted
directly to the ambient and are given by

Pop=Y P- ( Pop (71)

y-I cpTopJ Pa

V 2qcpTopJ o (72)
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The solution of the system of equations (64) through (70) is
performed as follows:

From equations (69) a-d (70),

P P (73)

°P Top)

Substituting equat- • (72) into equation (67), there follows

VIP Op/ (74)

P op

Since

TG ( To ) 2 -

and

iT"-I/TOP\ (Pa "-

T--P, \Pop)

pap ) (75)
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Substituting equation (75) into equation (74) .ields

2 
P

(TOP (76)

pop\Op/

Similarly, substituting equation (72) into equation (68),
there follows

Vis , \TOP)[,- a T ,J (77)

V 'ap P0a'

Op

Since

Y-I

(TIP) (Pi

and

pi p = P, s = p i

33 
(78)
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Substituting equation (78) into equation (77) yeilds

/ Ta _

2 -O) 77 I
Top/J

Using the basic isenrropic relationship,

(h:) T, P (80)
Substituting equation (80) into (73) yields

(T)

From the equation of state,

Pa : CppapTopJ

Pa

-C POpTOPnp)Tj (82)
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Also, from the isentropic relationship,

(83)

Substituting equation (82) into equation (83), there follows

- P~pa r0  t T 0 PY) (84)

Making use of equation (64) and substituting equations (76),
(77), (80), (81), (82), and (84) into equation (65), there
results

Y-
v( p j- \P i ll, (-p.''- I +'

GP ] VP
aE 7- Ta )

\Tp Pop / Tp +  op L-Tp] +

y--I)

____ ('a) Tap
\Tap P 0  aPf

S\Pop [ (Tp 0 (85)
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Similarly, equation (66) can be transformed as follows:

[T(I)Y[P2 1 TP)

/r PaT (T,

(NF(V ) -

aE( Y clE +

Pop ( a, i ) ( a% -)

Po~~ ~~~- V-T (P -) (Tn (6
(aPI p) op

(Ta PO) [I_(; =0r~ ~(TPi: (86)

Equations (85) and (86) are the two final equations which
contain the unknowns TIP/Vap and V2/Vap and can be solved
by an iteration method. It is seen that Cp, the specific
heat at constant pressure, no longer appears in the
equations.

The thermodynamic properties of the flows at different
stations along the ejector can be expressed in terms of
Tip/Tap and Vz/Vap as follows:
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QP)ra (87)

(iyA)0 o o (87)

Op (9)

P~

(Pi~ lip(87

LabTp



l= 2 -Pp \TIp' (95)

M1 ( -I)
L \Pop) \ToW

] 21(96)

TI

, \PTop/ 12P2 PP (97)

Finally, the thrust augmentation ratio 4 and the mass
entrainment ratio w can be determined as follows:

4(a: (QE+I)())t(v -)N (98)

P'ap \Vap)

- (Y± -)Pi)( VION

3. Nonuniform Velocity Profile at the Secondary Entrance

In both the idealized and practical analyses, a one-
dimensional approach is used which assumes the secondary flow
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velocity at the entrance plane as uniform, irrespective of
the secondary-to-primary area ratio. For the case of no
diffuser, the idealized analysis yields a maximum thrust
augmentation ratio of 2.0 at an infinite area ratio. This
is obviously not correct, because when the area ratio tends
to infinity, the ejector configuration reduces to a free jet,
in which case the augmentation ratio must be unity. It is
believed that this discrepancy is caused by the assumption of
the uniform flow velocity at the secondary entrance. In
othe" words, the applicability of the one-dimensional approach
is limited to not too large secondary-to-primary area ratios,
and a three-di-nsioital analysis is required fcr relatively
large area ratios, However, such a task has never been
undertaken by any of the investigators, and it is beyond the
scope of this program to formulate a solution to this
complex problem,

Instead, an empirical correction factor is herein developed
to account for the affect of the nonuniform secondary flow
velocity profile. The derivation of this factor is as
follows:

Under the assumption of uniform secondary flow velocity, the
momentum equation for the control volume inside the mixing
chamber with no diffuser and no losses becomes:

(aE+P-) P v j I+ 1 aE -(aE+)V1 (100)

By using Bernoulli's equation for the secondaiy flow aad the
ambient conditions in front QZ the ejector, equation (100) is
reduced to

(V2) '+ 2 (101)

In these equations, the "bar" denotes uniform values.
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If the secondary velocity is not uniform, the momentum
equation becomes

aE fp1 sdAs
(aE +1) PO -P, A s

A2 :
: P VVp + dE + I

9E JP~ ~ i (aE + 1) V2](0'

The solution of equation (102) for (V2 /Vp) is bas-d on the
following assumptions:

(a) The primary velocity at the entrance plane is
still the same as in the case of uniform secondary
velocity.

(b) The primary pressure at the entrance plane is
the same as in the case of uniform secondary
velocity. Hence, Pip:P,

(c) The exit velocity of the mixed flow V2 , though
differenc from that in the case of uniform
secondary velocity, is uniform at the mixing
chamber e.,it.

Since the secondary flow has a uniform stagnation pressure
Pa far upstream, by assuming parallel streamlines at the
entrance plane it is possible to evaluate the static pressure
distribution Pis by making use of Bernoulli's equation.
Thus, equation (102) is finally reduced Lo

2

1aEf% dA (V)2

V 2 22A 1 2 P (103)

40



Equations (101) and (103) yield the exit-to-primary velocity
ratios based on uniform and nonuniform secondary entrance
velocity profiles, respectively. The corresponding thrust
augmentation ratios for the two cases are given below.

The thrust augmentation ratio for the case of uniform
secondary velocity is

2
(QE +I)( P) (104)

V2

where Vap/\ 0 and V2lp can be obtained from the idealized
theoretical analysis as follows:

-~ 

2-

I V p 1 (105)
aE -I

and

(V2: -(aE-)+ aE/2-(cE2 (106)
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For the nonuniform case, the thrust augmentation ratio is

V22
Q P (107)

where (V2.vlp) as given by equation (103) will be
determined below.

The correction factor for thrust augmentation ratio due to
nonuniform velocity profile at the secondary entrance is
herein defined as

( V 2 ).

V -IP-(108)

It is now necessary to establish relationships for Vis/Vip
and VIS/Vip to determine V2 /Vlp given by equation (103).
According to Reference 26, the velocity profile ot a flow
entrained by a free jet can be well approximated by a
cosine curve. Therefore, it is reasonable to ass-,,e that a
cosine curve distribution, as shown in Figure 2, will
adequately represent the velocity profile at th, secondary
entrance of a jet ejector system.

It is further assumed that the local secondary veLocity at
the jet periphLvv @ is the same as the uniform velocity
VIS. Thus, the secondary entrance velocity profile at any
radial station cau be expressed as follows:

(r'-I) wI + CosW-V
VIS: 2 of (109)
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VIP

__ _____ - -of jet

Figtwe 2. iomwiforn Velocity Profile
at Secomdary Kntraxe.
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In eqy.ation (109), r' is the radial distance from the ejector
center line, nondimensionalized by the jet radius, and K, is
a constant defining flow nonuniformity at the secondary
entrance. This equation applies only for the range
0 < (r'-I)/K < 1. In other words, as shown in Figure 2, the
local velocity VIs gradually decreases to zero at point®
and maintains zero at any larger radial distance from the

ejector center line. The location of Dint@depends on the
constant K.

By assigning a suitable value of K, the integral

f (VIs/Vip) 2 dA1 s/A1 s in equation (103) can be evaluated for all
values of aE in terms of Vis . Let

fV1 ~d A1s
-2 

(110)
~V 1S A1S

Substituting equation (109) into equation (110), there
results

_[ I + Cos r'wd'r (111)

Integrating equation (111) with respect to r' yields

3 + , s (vi-)a r 4 +cos E1-1-r

K 2 [I -Cos (,aE )r1 9 + Cos ( (112)

8a E 7r K K

for aE < K(K+2) and

2 2
3K(K+2)w- 16K (113)

__ aEr 2

for E <_K(K+ 2 )
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The correction factor fcr the thrust augmentation ratio given
by e-uation (108) thus becomes

- 2

X =  (11-4)

1+ E ' I (VISIf

where C is given by equation (112) or (113) and V,/V1  can
be obtained from the idealized analysis equation (32) asfollows:

VIs (aE+) [-(WE-I ) +GE/2a]-(a,+ (115)

VIP aE (aE2+ 0

Equation (114) is utilized to compute the thrust augmentation
ratio 4 as affected by the nonuniform velocity distribution
at the secondary entrance. The results are herein presented
in Figure 3, which shows the variation of 4 vs. aE for
constant values of the parameter K. By examining this
figure, it can be noted that as K tends to infinity, the
vs. aE relationship reduces to that as obtained by the
idealized analysis with uniform secondary velocity profile.
Also, for any finite value of K, 4 reaches a maximum value
(less than 2.0) at a finite aE and then decreases to unity
as aE tends to infinity.

In order to determine the parameter K, appropriate test data
are required which could be used to determine the area ratio
aE at which the thrust augmentation ratio is maximum.
However, most of the available test data (see Section VI) are
obtained for ejectors having area ratios aE of less than 100,
at which values the thrust augmentation ratio 4 does not
reach a maximum value. For example, the correlation shown in
Table II (Section VII) indicates that at an area ratio of
aE - 104, the rate of increase of 4 with aE is quite small.
It is reasonable to assume, therefore, that for aE ranging
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from 150 to 200, the thrust augmentation would have reached
its peak value. Therefore, it follows frum Figure 3 that a
practical value of the parameter K would b- between K 60
and K = 70. This, however, necessitates further experi-
mental evidence.

4. Analysis of Various Ejector Types

The most common types of jet ejectorc consist of either
* single nozzle, multiple nozzle, or annular nozzle configu-

rations. These configurations differ from each other
primarily in the efficiency at which the primary, low
momentum flow is converted into a high momentum flow. The
conversion takes place in the mixing chamber, which, in order
to reduce wall friction losses, should be of minimum length.
No precise method exists at present to determine the minimum
mixing chamber length required to achieve complete mixing
between the primary and secondary flows. The following
analysis will provide, however, a first-order approximation
of the relative effects of the different configurations on
the mixing chamber length.

First, it is assumed that the mixi g chambcr consists of two
parts as shown in Figure 4. The first part (LI) , which
allows for the primary jet expansion, starts at the jet exit
and ends at a point where the jet boundary reaches the
ejector walls. The second part (L2) starts from thereon and
extends to the exit of the mixing chamber, where the mixing
process is assumed to be completed.

a. Single Nozzle Configuration

The work of Squire and Trouncer (Reference 19) is
utilized to determine the length (LI) for a single-
nozzle primary flow configuration.

In this reference an analysis is performed for
determining the expansion angle of a single,
circular jet discho-ging into a free stream of
uniform velocity. If it is assumed that this
expansion angle is not affected by the presence of
the mixing chamber walls, the primary jet boundaries
can be plotted as a function of the secondary flow
velocity as shown in Figure 5. In this figure the
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streanljise distance from the primary jet exit Is
oenet-z' by X, and the radial distance of the jet
boundary from the jet center line is denoted by r.
Typical variations of V/ipversus secondary-to-
primary area ratio aE are shown in Figure 6.

Using Figures 5 and 6, the length L, can now be
determined as follows:

) A value aE is assumed, and from
Figure 6 the corresponding value of

VISVipis obtained.

(ii) The value of rio is obtained from the
following relationship:

r/a =Va+I(116)

(iii) With the above values of Vid/V-r and rio,
the corresponding value of X/a i
obtained from Figure 5.

(iv) Finally,

LiI(X/q) (117)

The above calculations were repeated for several
values of aE, and the results are plotted in
Figure 7 for the incompressible and the compressible
analyses. Similar curves can also be obtained
including various flow losses. Figure 7 indicates
that, for practical values Of aE I the ratio (LI/D)
is of the order of 3 to 4.

Insufficient data exist to determine the length of
the second part of the mixing chamber, L2
However, it will be assumied that this length is
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Figure 7. Variation of Length of the First Part
of Mixing Chamber with Secondary-to-Primary
Area Ratio (No Diffuser; No Forwrd Speed;
No Losses).
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proportional to the contact surface area between the

primary and the surrounding flows.

b. Multiple Nozzle Configuration

The first portion of the mixing chamber length, L1 ,
for a vmiltiple nozzle configuration can easily be
determined for the two-dimensional ejector by
assuming that these nozzles are evenly spaced with
respect to the mixing chamber and with respect to
each other.

For a multiple nozzle configuration having N number
of nozzles of the same total area as the single
central nozzle, (Alp) s , the primary area of each
nozzle is

(A,I)M :L (A, 1  (18)

Also, if the total secondary area of the multiple
and single nozzle configurations is the same, it
follows that

(As)M N (A,s) (119)

Therefore, from equations (118) and (119) it follows
that the secondary-to-primary area ratio for each
nozzle of multiple nozzle configuration is the same
as that for the corresponding single central nozzle
type, i.e.,

(aE) _ _ASi (A, (Old s  (120)

(A)M (AIp)s
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Since the area ratios are the same (equation 120),

using Figure 7, the effective (LI/D) for each

nozzle of the multiple nozzle configuration is the

Fame as that for the single nozzle design, i.e.,

LoM 1s11

From equation (119), the diameter of the effective
mixing chamber for each nozzle of the multiple
nozzle configuration can be determined as follows:

2 2

(r = I (-D) (122)
4 M N s\----

or

ODM= (D) s (123)

From equations (121) and (123), it follows that the
mixing chamber length (LI) required for the jet

boundary to reach the ejector walls for the multiple
nozzle configuration is reduced by a factor of

i/Ff- of the corresponding single nozzle length.

Thus,

(L I ( (124)

Assuming that thr second part of the mixing chamber

length L2  is a .unction of the total contact area

of the primary flow with the surrounding air, the

rel ntionship for the mixing chamber lengths (L2)M

and '-2)s of multiple and single nozzle configura-

tions can be obtained as follows:
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The contact area of the pri,'ry jet with the

surrounding flui' for a single certral nozzle type

is given by

_%S) s= 7r (D)s(L,)s (125)

Similarly, the total contact area of the primary

jet for a multiple nozzle configuration of N

nozzles is

(S)m = N 7r (D)M(L2)M (126)

Substituting equation (123) into (126) yields

(S)Mw=V' 7r(D)s(L2 )M (127)

Assuming that in each case the contact areas are

such as to produce complete mixing at the exit of
the mixing chamber, equations (125) and (127) yield

(L2)M- -L (L2 )s (128)

Combining equations (124) and (128), there follows

(L) - (L)s (1.29)
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Equations (124), (128), and (129) indicate that for
a rmIltiple nozzle jet ejector configuration, each
part of the mixing chamber length as well as the
total length reduces by a factor of i/,fN- as
compared with the single central nozzle configura-
tion. This reduction in the mixing chamber length
results in the reductic of head loss due to wall
fricti. Therefore, the multiple nozzle configu-
ration would yield a superior performance as
compared to that of the equivalent single nozzle
ejector if the complete mixing conditions at the
exit of the mixing chamber are satisfied in each
case.

c. Annular Nozzle Configuration

For the case of an annular primary jet located
midway between the walls and the center of the
mixing chamber walls, both parts of the mixing

chamber lengths (LI)A and (L2)A , as discussed above,
will also substantially reduce as compared to the
equivalent single nozzle configuration.

The analysis for determining the mixing chamber
lengths for the annular nozzle ejector can be
performed as follows:

Using Figure 4(a), the primary area of the single
nozzle configuration is given by

(A,)s= Z- d2  (130)

From Figure 4(b), the corresponding primary area
for the annular nozzle is

(AIp)A= 4 -(d2-d (131)
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For the same primary jet areas, equations (130)
and (131) yield

d2= d2-d2= (d2+ dl) d2-dl)  (132)

Since the annular jet is centrally located within
the mixing chamber having a fixed diameter D, it
follows that

d+d i D (133)

2 2

Equations (132) and (133) yield

d2-d, d L (134)

Since the primary jet areas for the two configura-
tions are the same and since outside diameters D
of the mixing chambers are also the same, it

follows that

II (AIS) s = (As A
=  (D2 -dp) (135)

From the above analysis it therefore follows, that
the secondary-to-primary area ratio of the annular
nozzle ejector is equal to that of the equivalent
single central nozzle configuration, i.e.,

(aE)A: (aE)$
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Using equations (130) and (135), the corresponding
secondary-to-primary area ratios are

D2
aE2 IS 2-;jy- 1(136)

-E+I (137)

Assuming identical primary jet stagnation conditions,
the velocity ratios VI./V, will also be equal.
Using Figure 5, it thereiore follows that the
primary jet expansion angle,

r- /a

for annular nozzle configuration and the
corresponding single jet will be the same. Thus,
using Figure 4(c), the first part of the mixing
chamber length for a single nozzle configuration
can be expressed as follows:

i-(L )s D-d 1 (138)

Similarly, using Figure 4(d), the corresponding
length for the annular nozzle ejector is

(L,)A= D-(d 2 -d , ) (139)
4 ton
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Equations (138) and (139) yield

(L,)A F D-(d2-d)1I = 1 2 (140)
(I 2L D-dJ

Subst.iLuting equation (134) into equation (140),
there follows

( L 1) A I d -

(LI)s = ( - - )(141)

Substituting equation (137) into (141) yields

(L ) = = (1 (142)

(Lg)s 2 k

or

(LI )A + ±..(L )5  (143)

Equation (143) shows that the first part of the
mixing length (LI)A for the annular nozzle
configuration is a function of the area ratio aE
and that for large values of aE it is approximately
equal to a half that of the corresponding single
central nozzle ejector. For small values of the
area ratios, this length approaches (LI)5 .

The second part of the mixing chamber length for the
an:-.ular nozzle ejector can be determined as follows:
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The surface contact area of the primary jet with
the surrounding flow for a single nozzle ejectGs. is

(S)s = 7Td(Lp)s (144)

The corresponding contact area for the annular jet
is given by

(S)A= w(d 2 +dI)(L 2)A (145)

Assuming that in each case the sene constant contact
surface area is required to complete the mixing
process at the exit of the mixin, chamber,
equations (144) and (145) yield

(L2)A d (LS(146)
d2 +d(

Substituting equation (lfo ) into (146) yields

(L2)A= d (L2)s (147)

From equations (142) and (147), tk.re results

(L2) A = (L 2)s (148)

Equation (148) shows that the second part of the
mixing chamber length for the annular nozzle
configuration reduces by a factor of b/y/iETF
as compared to that of the equivalent single jet
ejector.
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Finally, using equations (143) and (148), the
total mixing length for the annular jet ejector
is given by

IL~~(+ + (L2)ls(149)
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V. EFFECT OF PARAMETERS ON JET ETECTOR PERFORMANCE

Presented in this section are the results of a study showing
the effects of various aerodynamic, thermodynamic, and
geometric flow parameters on ejector thrust augmentation
performance. The study includes the following parameters:

A. FLOW LOSSES

The effect of flow losses is to reduce ejector performance.

This effect cau De Ccearly seen from the nomographs of
Section VII and requires no further explanation.

B. DIFFUSER

The results of the idealized analysis presented in Figures 8
and 9 show that under static conditions, at any secondary-to-
primary area ratio, an increase in diffuser area ratio yields
better thrust augmentation performance. However, as shown in
Figure 10, this is not true for a practical case when the
flow losses are included. Although the overall diffuser loss
factor XD varies with the area ratio aD, for the purpose of
this duscussion all flow losses including the diffuser loss
factor X0 are held constant (at typical values) for all
diffuser area ratios.

Examining Figure 10, it can be seen that for any pracitcal
value of secondary-to-prima.y area ratio aE, the thrust
augmentation ratio 0 reaches an optinmim value with the
diffuser area ratio aD ranging between 1.5 and 2.0. For the
diffuser area ratios larger than 2.0, the thrust augmentation
ratio would be actually lower than that indicated in
Figure 10 as a result of increase in the diffuser loss factor

XD with increase of aD

C. FORW?.RD SPEED

Figure 11 shows the effect of forward speed on thrust
augmentatlon ratio for an idealized condition with no flow
losses and no diffuser. It can be seen from this figure
that an increase in forward speed results in a substantial
reduction of thrust augr !ntation ratio for all secondary-to-
primary area ratios,aE. Furthermore, for any specific
nonzero value of forward speed, the thrust augmentation
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ratio reaches an optimum value cf 1.0 < 0 < 2.0, and then
reduces to unity as the area ratio further increases to
infinity. From a physical point of view, the case of
infinite aE corresponds to the condition of primary flow
discharged directly into the ambient, resulting in thrust
augmentation ratio of unity. This figure also shows the
locus of maximum thrust augmentation ratio (dotted line) as
a function of aE for the range of forward speed considered.

Figure 12 shows thr effect of forward speed on thrust
augmentation ratio 0, including typical flow losses for the
case of a0 , 2.0. Comparing Figures 11 and 12, it can be
noted that the effect of forward speed on the reduction of
thrust augmentation ratio is more severe when the major flow
losses are included. Specifically, fcr forward speeds
greater than / = 0.05, the thrust augmentation ratio
continuously reduces with an increase in aE and eventually
reaches a value of less than 1.0 in the practical design
range of aE.

The above discussion refers to an ejector forward speed along
the ejector longitudinal axis, i.e., parallel to jet thrust.
If, however, the forward motion is normal to the ejector
axis, under idealized flow condition, the ejector performance
should not be affected by such motion. In a practical case,
the forward motion of an ejector perpendicular to the
direction of thrust will result in an asymmetric inflow at
the secondary entrance, thereby causing an increase in the
secondary entrance head loss

D. FLOW COMPRESSIBILITY

The effect of flow compressibility on jet ejector performance
is herein determined assuming no forward speed, no diffuser,
and no flow losses. Typical computer results for this
analysis are presented in Figures 13 through 15. In each of
these figures, the thrust augmentation ratio obtained from
the idealized incompressible analysis is also shown for the
purpose of comparison. It is seen that in general the thrust
augmentation ratio is reduced when the flow compressibility
is accounted for.
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Figure 13 shows that the 4ncrease of the primary stagnation
pressure Pop from 20 psia to 25 psia results in about 3
percent reduction of the thrust augmentation ratio. Pop is
limited to 25 psia in the calculations in order to avoid the
choking condition of the nozzle.

The effect of the variation of the primary stagnation temper-
ature Top is illustrated in Figure 14. The temperature range
unde- consideration is between 6000F and 14000F. It is seen
from this figure that an increase of temperature Top
decreases the thrust augmentation ratio up to a maximum of
about 4 percent at area ratios around 10.

The increase in ambient temperature, as shown in Figure 15,
results in an increase of thrust augmentation ratio q6. This
increase, however, does not exceed 2 percent for the range of
ambient temperatures raised from 00F to 200OF and the range
of aE considered.

In general, it can be concluded that although thn effect of
flow compressibility is to reduce the jet ejector performance
as compared to the idealized flow conditions, the effect of
the variation of the compressible flow parameters, such as
Pop, Top , and To, seems to be of little consequence.

E. MIXING CHIAMBER SHAPE

In the present investigetion, two m- xing chamber shapes have
been considered; i.e., the constant area and the constant
pressure mixing configurations.

The analysis of the mixing chamber shapes, other than the
two investigated, is indeed a very dtff~cult task and has
not been successfully attempted by any of the investigators
in the past. It appears, however, that due to possible flow
separation at the mixing chamber walls, a divergent mixing
chamber shape would not be suitable.

Some of the information on the mixing chamber shapes can be
obtained by comparing Figures 8 and 9. Examining these
figures, it can be seen that for the same secondary-to-
primary area ratio a[ and diffuser area ratio a0 , the constant
area mixing chamber shape yie.ds superior tl ust augmentation
performance as compared to that of a constant pressure
mixing configuration.
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F. MIXING CH-ABER LENGTh

The data presented in this report are valid only for the
case when the velocity of the mixed flows at the exit of the
mixing chamber is uniform. This implies complete mixing of
the primary and secondary flows which necessitates adequate
mixing chamber length.

The exact mixing process inside a mixing chamber of an
ejector is not yet clearly understood. Mikhail (Reference
20) made an attempt to solve the problem; however, the final
equations are developed in terms of "mixing length parameters"
which vary from case to case and have to be determined
empirically.

The experimental daca of Reference 15 show that for the
mixing chamber length of L/) = 12, the velocity distribution
at the exit of the mixing chamber is uniform. The value of
L/D = 12 is not necessarily representative for a variety of
jet ejector configurations, since this value will in general
depend on the secondary-tc-primary area ratio aE and other
geometric parameters.

On the other hand, the experimental data of Reference 2
indicate that an increase in the mixing chamber length
beyond the value of L/D = 5.0 or 6.0 causes an adverse effect
on the jet ejector performance. This implies that the flow
losses due to partial mixing, associated with short mixing
chamber lengths, are less predominant than the friction
losses caused by increasing mixing chamber length to achieve
complete mixing. It appears, therefore, that in selecting
practical mixing chamber lengths the considerations of the
flow losses due to partial mixing may be of secondary
importance.

This subject is further discussed later in the text. Also,
the charts for estimating mixing chamber lengths of various
ejector configurations are presented in Section VII. These

charts are based on the fact that the practical mixing
chamber length required for optimum ejector performance is
less than that required for complete flow mixing. Further-
more, it is assumed that the flow losses due to partial
mixing can be neglected provided that the total mixing
chamber length for a single nozzle jet ejector is greater
than L/D = 6.0.
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G. DIVERGENCE AND INCLINATION OF NOZZLES

In the previous discussions, it was assumed that, irrespec-
tive of the ejector type, the orientation of the primary jet
nozzles was along the longitudinal axis of the ejector.

For the case of the central nozzle or multinozzles installed
at an angle with the ejector axis, or for the case rf the
annular nozzle with the jet diverging froi the ejector axis,
the one-dimensional analysis is considered to be inadequate
in predicting the performance of such ejector configurations.
The major effect will be the increase of mixing 1.osses due to
the flow interaction which is difficult to treat analytically.

In the mlticncentrc annular nozzle configuration as
developed by Bertin, Reference 10, the divergence of the
nozzle seems to be of merit insofar as mixing is concerned.
However,, no analytical work, besides the usual one-dimensional
approach, has been presented by Bertin for the purpose of
analyzing the performance of jet ejectors with divergent
multiconcentric annular nozzles.

H. EFFECT OF GROUD PROXIMITY

Available test data, e.g., References 21 and 22, indicate that
in the ground proximity, the thrust augmentation of an ejector
is reduced. This is attributed to the reduction of static
pressure prevailing in the flow from the ejector exit. The
test uata also show that the ejectors operating in parallel,
with a common baseplate, yield a higher thrust augmentation
than the ejectors operating individually. This is due to the
building up of pressure underneath the baseplate where a
stagnation condition exists. This effect is similar to what
prevails in the case of annular nozzles in ground proximity,
for which some theoretical and experimental data are
presented in References 23 and 24.

I. NONUNIFORM VELOCITY AT THE SECONDARY ENTRANCE

The practical analysis presented in Section IV as well as
other analyses available from the existing literature, is
performed with a one-dimensional flow approach. The necessary
assumptions, among others, are that the velocities at the
secondary entrance and also at the mixing chamber exit are
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uniform. In practical operations these idealized conditions
do not always apply.

For small secondary-to-primary area ratios, the velocity at
the secondary entrance is practically uniform. However, as
the area ratio aE increases, the secondary entrance velocity
close to the mixing chamber walls becomes much lower than
that close to the primary jet.

For very large area ratios (as aE tends to infinity), the
velocity of the secondary flow becomes zero at a finite
radial distance from the primary jet. In fact, this
condition corresponds to a free jet discharged directly into
the ambient, ia which case no thrust augmentation is possible.
The available analyses, utilizing the assumption of uniform
secondary flow velocity, result, however, in a thrust
augmentation ratio of 2.0as aE tends to infinity.

In the previous section, an attempt is made to account for
the radial variation of the local velocity at the secondary
entrance. However, this analysis is based on a semi-
empirical approach requiring furhter experimental verifica-
tion.

J. INCOMPLETE MIXING

The effect of incomplete (partial) mixing of the primary and
secondary flows at the exit of the mixing chamber has also
been investigated. As discussed previously, the incomplete
mixing will exist due to the insufficient length of the
mixing chamber, thereby resulting in a nonuniform velocity
profile at the exit of the mixing chamoer.

The difficulties of analyzing partial mixing are in principle
similar to those associated with nonuniform velocity at the
secondary entrance discussed above. In this case, however,
even if the velocity profile at the exit of the mixing
chamber s known or assumed, the corresponding variation of
the static pressure distribution cannot be analwcically
determined.

Forstall and Shapiro (Reference 25) indicate that the
velocity profile at the exit of the mixing chamber can be
quite accurately represented by a cosine or three-halves
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power curve. However, information on the static pressure
distribution at the exit of the mixing chamber and the mass
flow rate of the partially mixed flow is not available.
Thus, in order to predict reliably the effects of the
incomplete (partial) mixing, an experimental investigation is
necessary to obtain the pertinent data on pressure and
velocity distributions at the exit of the mixing chamber.

K. MIXING LOSSES IN THE MIXING CHAMBER

The mixing losses in the mixing chamber cannot be considered
as an additional external force which could be readily
introduced in the momentum equation. One method of
accounting for the mixing losses is to assume a mixi-ng
efficiency factor ( M) in the flow momentum considerations.
However, there is no information available for determining
this mixing efficiency factor.

L. FLOW VISCOSITY

A real fluid flow is generally treated as an inviscid flow,
except that at the locations close to the walls a boundary
layer effect is taken into consideration. The flow viscosity
effects give rise to friction drag which in turn reduces the
jet ejector thrust. In the present investigation, the losses
due to the friction drag along the mixing chamber walls are
included in the friction factor f, which appears in the
momentum equation.

For the diffuser section, the losses due to fr!ction drag and

flow separation are included in the diffuser loss factor X0

M. HEAT CONDUCTION LOSSES

In the practical analysis (compressible flow), the heat
conduction losses will affect the energy equations presented
in Section IV. However, the information pertaining to the
rate of heat conduction which varies with ejector geometry,
conductivity of mixing chamber walls, and the operating
conditions c' Lhe ejector system is inadequate for reasonable
evaluation.
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Furthermore, due to the heat conduction losses, the ejector
flows become neither isentropic nor adiabatic, resulting in
an additional difficulty in analyzing the flow process.

In general, however, the mixing chamber is usually not very
long and the seconU1;y flow is almost under ambient
conditions, so that heat conduction losses, if any, through
the mixing chamber and diffuser wails are not significant
and can be neglected without materially affecting the
accuracy of the analysis.

N. EFFECT OF SPECIFIC HEAT RATIO

Using th- computer program, Appendix I, an investigation was
performed to determine the effects of the specific heat
ratio y on jet ejector performance. It was found, however,
that for a range of y from 1.25 to 1.4, the thrust augmenta-
tion ratio is practically unchanged "'>ss than 0.1 percent).

It appears, therefore, that the effect of the specific heat
ratio can be neglected in the practical jet ejector analysis.
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VI. CORRELATION WITH EERIMENTAL DATA

Available experimental data which are suitable for
correlation with the results of the present analysis are
rather limited. Those data which contain information on
thrust augmentation do not, in general, furnish sufficient
design and construction details which could be used to
determine the various flow loss factors. Consequently, for
some of the jet ejector configurations, these loss factors
were determined by using good engineering judgement.

Specifically, the friction loss factor f(L/D) was determined
assuming f = 0.003 and using the test values of (L/D)
provided in most cases, Reference 26 was used to determine
the overall diffuser loss factor X0.

As pointed out previously, it is not easy to determine the
secondary entrance flow loss factor XE. It appears that the
intake geometries of the various ejector configurations
tested are of either round or bellmouth shape, for which,
according to the results of Reference 27, the entrance loss
factor is about 0.1. Thus, in the absence of better infor-
mation applicable to each specific configuration, XE has been
taken as 0.1 for the present correlation.

The correlation of the test data with the theoretically
predicted results utilizing the loss factors described above
is performed in tabular form as shown below. The reason for
the selection of this method of presentation is the fact that
the test data obtained .or a variety of jet ejector configura-
tions are unsuitable for graphical comparison.

The correlations are performed for the following jet ejector
configurations:

A. SINGLE CENTRAL NOZZLE CONFIGURATIONS

The fo"'lowing references contain the test data obtained for a
single central nozzle configuration:

(i) Reference 2 presents the test data for the case of
an ejector without a diffuser. The correlation of
these data with theoretically predicted values is
given in fable I.
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TABLE I

CORRELATION OF THEORY WITH TEST DATA OF REFERENCE 2,
S.NE NOZZLE EJECTOR WITH NO DIFFUSER

cE Theorv Test

6.0 1.30 1.25

11.0 1.36 1.29

24.0 1.42 1.34

29.0 1.44 1.38

59.0 1.51 1.43

The calculated values are based on the following
loss factors:

XE = 0.1

f(L/D) = 0.02

XD = 0 (No diffuser)

The above table indicates a satisfactory
correlation between the theoretical and experimental
results.

(ii) The test data obtained from Reference 15 are for a
central nozzle configuration without a diffuser.
The correlation of the test results with the
theoretically predicted values is given in
Table II.
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TABLE II

CORRELATION OF THEORY WITH TEST DATA OF REFERENCE 15,
SINGLE NOZZLE EJECTOR WITH NO DIFFUSER

E Theury __ Test

3.0 1.22 1o03

10.7 1.36 1.20

15.0 1.37 1.26

28.7 1.44 1.40

46.0 1.48 1.48

104.5 1.55 1.50

The theoretically predicted values are based on the
following flow loss factors:

XE = 0.1

f(L/D) = 0.02

XD = 0 (No diffuser)

The comparatively poorer correlation at small area
ratios is believed to be due to the higher secondary
entrance losses. Also, the test data indicate that
with the increase of the area ratio aE from 46.0 to
104.5 (more than double), the increase in augmenta-
tion ratio is only about I percent. On the other
hand, from the theoretically predicted results, the
corresponding increase in thrust augmentation is
about 5 percent. This can be attributed to the
effect of the nonuniform velocity profile at the
secondary entrance (not accounted for in the theory).

This effect becomes more important at high secondary-
to-primary area ratios.
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(iii) Reference 16 quotes the following test data for a

constant area mixing ejector without diffuser:

a E Test

129.5 1.95

339.0 2.11

329.0 2.21

369.0 2.21

The thrust augmentation ratios shown above are
either close to or higher than the maximum possible
values which can be obtained from the idealized,
one-dimensional incompressible analysis, viz., 2.0.
Furthermore, on account of the large area ratios of
a E > 130, the secondary velocity at the encrance
plane would no longer maintain its uniformity;
consequently, it would be doubtful whether the
maximum augmentation ratio of 2.0 could be reached
at all even if all the losses were neglected. The
original work (Reference 28) does not furnish any
usable information to justify the unusually high
performance claimed for the simple central nozzle
type ejector as illustrated therein.

(iv) Reference 29 presents the test results for the
ejector with and without a diffuser. The correla-
tion of these data with the theoretically predicted
values is given in Table III.
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TABLE III

CORRELATION OF THEORY WITH TEST DATA OF REFERENCE 29,
SINGLE NOZZLE EJECTOR WITH AND WITHOjT DIFFUSER

aE aD Theory Test

26.36 1.00 1.45 1.37

7.54 1.00 1.34 1.28

7.54 2.49 1.41 1.23

19.55 1.00 1.43 1.35

5.42 1.00 1.29 1.27

5.42 2.49 1.39 1.29

The test data of Table III indicate that for
constant area ratios ( aE= 7.54 or aE = 5.42), the
addition of a diffuser with aD= 2.49 results in a
reduction of thrust augmentation ratio . This
reflects a poor diffuser efficiency (high losses)
of the jet ejector configuration tested.

(v) The tests of Reference 30 were performed on a two-
dimensional model with no diffuser. A comparison
of the test data with the theoretically predicted
results is given in Table IV.

82



TABLE IV

CORRELAION OF THEORY WITH TEST DATA OF REFERENCE 30,
SINGLE NOzZLE EJECTOR WITH NO DIFFjSER

E Theory Test

3.24 1.16 1.08

7.13 1.24 1.16

11.5 1.27 1.23

19.0 1.31 1.30

23.0 1.32 1.30

27.0 1.33 1.30

31.0 1.34 1.28

The predicted values are obtained by taking XE = 0.1
and f(L/D) = 0.05. A higher friction loss factor is
used in this case, as compared with the above
configurations, in view of the fact that due to the
larger wall area in the two-dimensional model, the
friction losses are undoubtedly higher, especially
at low secondary-to-primary area ratios.

The results presented in Tabie IV show a good
correlation be?'-,een the theoretical and experi-
mental values.

(vi) Reference 31 presents the test data on the effect
of total primary stagnation pressure ratio on
thrust ,ugmentation. The test conditions are as
follows:
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Top =jOO0K = 510OR (50°F)

Ta = 283-K = 478-R (180F)

aE = 50.0

L/D = 5.0

The test data of Reference 31 indicate that the
thrust augmentation ratio 0 decreases gradually
from 1.24 to 1.22 as Pop/Pa increases from 1.4 to
1.8. From the analysis, the thrust augmentation
ratio is obtained as 1.25 by taking f(L/D) = 0.025,
as suggested by the paper.

(vii) Reference 32 shows that at an area ratio aE 2.33,
the central nozzle ejector without diffuser
(L/D = 6) has its thrust augmentation ratio
decreasing from 1.195 to 1.165 as the primary
pressure ratio Pop/PC increases from 1.4 to 1.8.
The corresponding theoretical value based on loss
factors of f(L/D) = 0.02 and XE = 0.1 is 1.20.

B. MULTIPLE NOZZLE CONFIGURATIONS

The test data for the multiple nozzle configurations are
obtained from the following references:

(I) The test data reported in Reference 13 pertain to
an ejector configuration with multiple nozzles, a
rectangular mixing chamber, and a diffuser with
lemniscate contour. Table V shows the correlation
of the test data with the theory.
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TABLE V

CORRELATION OF THEORY WITH TEST DATA OF REFERENCE 13,
MULTIPLE NOZZLE EJECTOR WITH RECTANGULAR

MIXING CHAMBER AND A DIFFUSER

a E D Theory Test

35.5 3.11 1.38 1.55

55.5 2.73 1.54 1.66

74.4 2.36 1.70 1.79

135.5 1.36 1.79 1.78

The above table shows a satisfactory correlation
between the test results and the corresponding
theoretical values. This correlation is based
on the following flow loss factors:

XE 0-1l

f(L/D) 0.02

XD =0.2

(ii) The test data of Reference 18 and the predicted
values are given in Table VI.
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TABLE VI

CORRELATION OF THEORY WITH TEST DATA OF REFERENCE 18,
MULTIPLE NOZZLES ARRANGED IN A CIRCLE

1E aD Theory Test

14.37 1.8 1.71 1.72

31.4 2.2 1.75 1.71

51.0 2.47 1.73 1.90

The test model used has multiple nozzles arranged
in a circle. The mixing chamber is slightly
convergent (the exit area is 8 percent less than
the entrance area), which does not assu e constant
pressure at the walls. The predicted values shown
in Table VI are obtained using the following loss
factors:

XE = 01.

f(L/D) = 0.01

X0 = 0.2

It is seen that for the first two configurations,
correlation is satisfactory, whereas for the last
one the test result is 10 percent higher than that
theoretically predicted.

(iii) Table VII shows the effect of diffuser area ratio
ao on thrust augmentation 45 for constant secondary-
to-primary area ratio aE = 12.0. The test data
were extracted from Reference 21 and are applicable
to a four-row- nozzle configuration.
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TABLE VII

CORRELATION OF THEORY WITH TEST DATA OF REFERENCE 21,
FOUR-ROW NOZZLE CONFIGURATION WITH VARIABLE DIFFUSER

E  D Theory Test

12.0 1.00 1.37 1.35

12.0 1.19 1.48 1.45

12.0 1.38 1.56 1.55

12.0 1.58 1.59 1.61

12.0 1.77 1.59 1.64

12.0 2.16 1.53 1.57

Table VII shows a good correlation between experi-
mental and theoretical results, indicating that the
best diffuser area ratio aD for optimun thrust
augmentation ratio is between ao 1.5 and 2.0.
Similar conclusion is reported in Section V, where
the effects of a diffuser are discussed.

(iv) The configuration referred to in Reference 33
consists of a rectangular parallel-wall mixing
chamber with a diffuser and multiple primary
nozzles. The comparison of the predicted thrust
augmentation ratios with the corresponding
measured values is presentcd in Table VIII.
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TABLE VIII

CORRELATION OF THEORY WITH TEST DATA OF REFERENCE 33,
SINGLE AND THREE-ROW NOZZLES,

RECTANGULAR MIXING CHAMBER WITH DIFFUSER

Test

a a Single-Row Three-Row
E D Theory Nozzle Nozzle

6.6 1.23 1.44 1.27 1.36

12.0 1.38 1.56 1.37 1.50

29.3 1.61 1.70 1.45 1.83

51.0 1.73 1.77 1.56 1.89

The third column in Tabl2 VIII represents predicted
values based on the foll-wing values of flow loss
factors:

XE = 0.1

f(L/D) = 0.02

Xo - 0.2

It is seen that for the first two area ratios
(aE 1 6.6 and 12.0), the predicted values are
higher than the test data for both configurations,
viz., single row of nozzles and three rows of
nozzles. This is believed to be chiefly due to an
underestimation of the total head loss factor at
the secondary entrance X.

For the other two area ratios (aE :- 29.3 and 51.0),
the predicted values are higher than the test data
for the single-row nozzle configuration but lower
than those for the three-row nozzle configuration.

88



C. ANNULAR NOZZLE CONFIGURATIONS

Finally, for the annular nozzle configuration, the following
test data are utilized:

(i) The tests as reported in Reference 22 were
performed with single annular nozzle configdrations.
For the model with a straight mixing chamber
(no diffuser), the results are shown in Table IX.

TABLE IX

CORRELATION OF THEORY WITH TEST DATA OF REFERENCE 22,
ANNULAR NOZZLE EJECTOR WITH NO DIFFUSER

0, 0
' GE G D Theory Test

13 i.0 1.41 1.29

17 1.0 1.44 1.38

22 1.0 1.46 1.42

The pred4 cted values are based on the fcol0',ing

flow losses:

X F  ,0.1

f(L/D) 0.01

XD 0 (No diffuser)

The corresponding results for a divergent mixing
chamber-diffuser (exit area apprcximatei, double
the entrance area) are shon in Table X.
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TABLE X

CORRELATION OF THEORY WITH TEST DATk OF REFERENCE 22,
ANNULAR NOZZLE EJECTOR WITH DIVERGENT MIXING CHAMBER-DIFFUSER

OE Theory Test

8 1.78 1.48

9 1479 1.53

11 1.81 1.56

The theoretically predicted values for the thrust
augmentation ratio 0 have been obtained for a
diffuser area ratio of aD = 2.0 with the followi,,g
loss factors:

XE = 0.i

f(I ID) = 0 (No mixing chamber)

XD - 0.2

The large discrepancy between the actual
performance and the predicted results is attributed
to the incomplete mixing that can be expected at
the exit of a diverging mixing chamber-diffuser of
relatively small length.

Presented in Reference 22 are also some two-
dimensional and three-dimensional test results for
the annular jet ejectors.

The correlation of theory with the two-dimensional
results is shown in Table XI.
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TABLE XI

CORRELATION OF 7HEORY WITH TWO-DIMENSIONAL DATA
OF REFERENCE 22, ANNULAR NOZZLE EJECTOR
WITH DIVERGENT MIXING CHAMBER-DIFFUSER

aa4) 4)
aE aD Theory Test

9.0 2.0 1.80 1.30

11.5 2.0 1.82 1.50

14.0 4.0 1.84 1.43

The predicted values are obtained from the
practical analysis with the following flow lss
factors:

XE = 0.1

f(L/D) = 0 (No mixing chamber)

X0 = 0.2

As can be seen from Table XI, the test results are
appreciably lower than the corresponding predicted
values. This diff-.rence in the results can be
attributed to the following factors:

(a) The tests were peiformed for the ejector
configuration having a small length-to-
diameter ratio (L!D = 3.0). At this ratio
of L/D, it :an be expected that the
mixing at the exit of the diffuser will
not be complete, contrary to the complete
mixing assumption in the theory.

(b) Since the primary jet is very close to the
diffuser walls, it is expected that the
friction loss in the diffuser will be
increased as compared to conventional
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central nozzle configurations. This
increase in the skin friction in the
diffuser could be accounted for by
increasing the diffuser loss factor XD

The correlation of three-dimensional test data ofu
Reference 22 with the theoretically predicted
results is shown in Table XII.

TABLE XII

CORRELATION OF THEORY WITH THREE-DIMENSIONAL DATA
OF REFERENCE 22, ANNULAR NOZZLE EJECTOR
WITH DIVERGENT MIXING CiAMBER-DIFFUSER

aE Theory Test

20.8 1.45 1.66 1.34

20.8 1.63 1.69 1.40

20.8 1.85 1.68 1.47

20.8 1.94 1.66 1.49

The predicted results are based on the same loss
factors as the two-dimensional results. Also in
this correlation, the three-dimensional test datp
are lower than the corresponding predicted values
for the same reasons as explained above in the
two-dimensional correlation.

(ii) Table XIII shows the correlation of the test data
as presented in Reference 34 with the theoretically
predicted values.
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TABLE XIII

CORRELATION OF THEORY WITH TEST DATA OF REFERENCE 34,
THREE-RING ANNULAR NOZZLE EJECTOR WITH DIFFUSER
aE aD 0

E D Theory Test

44.0 1.58 1.93

44.0 1.90 2.02 2.16

44.0 2.30 2.32

The test data are for the configuration with a
three-ring annular nozzle. The theoretically
predicted value of 0 = 2.02 applies to aE= 44.0
and a0 = 2.0 and is based on the following loss
factors:

XE = 0.1

f(L/D) = 0 (No mixing _,iamber)

XD = 0.2

It can be noted that the theoreticilly predicted
value is lower than the test data claimed.
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VII. RAPID METHOD FOR EJECTOR PERFORMANCE PREDICTION

Presented in this section is a compilation of charts for
rapid prediction of jet ejector performance. The numerical
results used in these charts were obtained by solving the
theoretical flow equations presented in Section IV.

A. IDEALIZED ANALYSIS

The idealized flow equations were computed manually for both
constant area and constant pressure mixing. The corre-
sponding numerical results are herein presented in Figures
16 and 17, which show the variation of the idealized thrust
augmentation ratio 0 as a function of secondary-to-primary
area ratio aE for a series of constant values of diffuser
area ratio a0 .

B. PRACTICAL ANALYSIS

The practical analysis was solved with the aid of an IBM
360 digital computer utilizing FORTRAN IV machine language.
In this case, two computer programs were developed, one for
the incompressible analysis including the effects of major
flow losses, diffuser, and forward speed, and the other for
the compressible analysis including only the effects of flow
compressibility. A detailed description of the programs
including flow diagrams and typical computer outputs is
presented in Appendix I. The final computer results obtained
for static conditions are herein presented as nomographs,
Figures 18 through 22.

These charts represent an effective analytical tool in
predicting jet ejector performance including flow losses and
the effects of flow compressibility and are suitable for use
in the preliminary design of jet ejectors. One of the
advantages of the selected method of presentation is the
fact that a wide range of practical jet ejector operating
conditions as well as a variety of flow losses are condensed
in a total of five nomographs. Four of these charts,
Figures 18 through 21, contain the computer results for the
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Figure 16.* Thrust Augmentation Ratio-
Idealized Analysis for Constant Area
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incompressible analysis (including flow losses) for the
diffuser area ratios a0 = 1.0, 1.5, 2.0, and 2.5,
respectively. The fifth nomograph, Figure 22, presents the
computer results for the compressible analysis for a wide
range of the nondimensionalized input parameters Pa/Pop
and Ta/Top

1. Evaluation of Flow Losses

In utilizing the nomographs for the incompressible analysis,
the values of the various loss factors must be predetermined.
No precise information is available on these loss factors
which are dependent on the design and constxction details
of the system. However, the following will serve as a
general guide:

a. Friction Loss Factor f(L/D)

The friction loss factor of a given jet ejector
configuration is a function of the friction
factor f along the ejector walls and the mixing
chamber length-to-diameter ratio L/D required for
complete flow mixing.

The friction factor f = 0,003, which is commonly
used for commercially smooth pipes is recommended
to be used for fairly smooth mixing chamber walls
of jet ejectors.

No precise information is available for estimating
the mixing chamber length-to-diameter ratios
required for complete mixing. However, in order
to provide the designer some basis for selection
of the required L/D ratios, a semiempirical
approach is herein utilized for estimating this
parameter. This approach is based on the
assumption that for a single nozzle jet ejector
the flow losses due to partial mixing can be
neglected provided that the mixing chamber let gth-
to-diameter ratio is not less than 6.0. This
implies that the flow mixing is considered to be
complete for L/D ? 6.0.
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The results thus obtained are presented in
Figure 23. This figure can be utilized to
estimate the total mixing chamber length required
for complete flow mixing for single, multiple
(four evenly spaced nozzles), and annular jet
ejector configurations.

Thus, utilizing the friction factor of f = 0.003
and the L/D ratios from Figure 23, the required
friction loss factor f(L/D) for any given jet
ejector configuration can be determined.

b. Diffuser Loss Factor XD

The diffuser loss factor XD is a function of a
total head loss within the diffuser, the dynamic
pressure at the diffuser entrance and its exit-to-
entrance area ratio. A mathematical definition of
this factor is presented in the list of symbols.
Some usable data for determining the loss factor
of various diffuser configurations is presented in
Reference 26.

c. Secondary Entrance Loss Factor XE

Very limited information is available for
determining the loss factor at the secondary
entrance. This factor is mainly a function of the
size and shape of the inlet, but it also depends on
the blockage effect of the components of the
ejector, such as manifolds, instrumentation, etc.,
located in the passage of the secondary flow
entrance. It is not possible to determine this
factor accurately, since it varies from case to
case. In Reference 27, representative values of
"internal iLilet" loss factor, i.e., for static
conditions with no obstruction of the passage, are
presented as follows:
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Ejector Configurations (Idealized Analysis).
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Type of Entrance E

Flared
Lemniscate contour 0.02
Circular contour 0.03
Straight contour 0.05

Rounded Edge 0.1

Sharp Edge 0.3

It can be noted from the -bove data that
lemniscate lip contour i, preferable in ejector
designs. This contour t nds to minimize adverse
pressure gradient ovc te lip and thus results in
lower entrance loss fa. or. Furthermore, in
evaluating the entrance 1 ss factor, a consider-
ation must be given to the ratio of the entiance
diameter to the mixing tube diameter. If this
ratio is less than 1.5, an additional loss in
thrust augmentation ratio may occur. This loss mai
be accounted for by appropriately increasing the
entrance loss factor

2. Correction Factor for the Nonuniform Velocity Profile
at the Secondary Entrance

Section IV contains an empirical analysis for determining the
effect of a nonuniform velocity profile at the secondary
entrance on jet ejector thrust augmentation. This anaiysi3
requires a knowledge of the flow nonuniformity parameter K
which can only be reliably prelicted from appropriate experi-
mental data.

The limited experimental data such as presente d in Table II
of Section VI indicates that the approximate value of this
parameter is about K = 70. Thus, using Figure 3,the empirical
correction factor X for thrust augmentation ratio due to
nonuniform velocity profile at the secondary entrance can be
determined as follows:
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- K=7o (150)i. X:

where OK = 70 is the thrust augmentation ratio with non-

uniform secondary velocity profile for K = 70, and 0, is the

ideal thrust augmentation ratio for the same aE

3. Compressibility Correction Factor Cc

The compressibility correction factor Cc can be obtained as

the ratio of the compressible to the ideal value of thrust

augmentation ratio 0 for the same values of aE and aD

Thus:

CC= _c (151)

The compressible value of thrust augmentation ratio Sccan be

,btained from the nomograph, Figure 22, for a given set of

input conditions of P/Pop and TO/To . The corresponding

ideal value 4I can be obtained from he nomograph, Figure

18, using XE = f(L/D) = 0.

4 Net Value of Thrust Augmentation Ratio

The net value of thrust augmentation ratio of a given

ejector configuration can be expressed as follows:

4_ :XCCOL 
(152)

where #L represents the incompressible value of thrust

augmentation ratio including the effects of major flow

losses. This value can be obtained from appropriate nomo-

graphs, Figures 18 to 21. Thus equation (152) can be vsed to

predict the total thrust augmentation ratio of a given
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ejctor configuration including the effects of nonuniform
entrance velocity, flow compr-ssibility, and major flow
losses discussed above.

5. Use of the Nomographs

The procedure for determining ejector thrust augmentation
performance requires the use of the nomographs presented in
Figures 18 to 22. In order to utilize these charts, it is
first necessary to determine ejector geometry, major flow
losses, and operating conditions of a given jet ejector
configuration. The use of the nomograph is explained
graphically in the key of each chart.

The procedure for the use of nomographs for a general case
of an ejector with a diffuser is as follows:

(a) Select an appropriate nomograph for a given
diffuser exit-to-entrance area ratio X0 .

(b) On the upper left-hand plot of the nomograph,
draw a vertical line at a given aE to intersect
with the curve corresponding to the computed
value of entrance loss factor XE. Interpolate
between XE curves if required.

(c) From the point of intersection of step (b),
project a horizontal line to intersect with Lhe
curve corre3ponding to the computed value of the
friction loss factor f(L/D). Interpolate between
f(L/D) curves if reqLired.

(d) From the point of intersection of step (c),draw a
vertical line to intersect the curve corresponding
to the computed value of the diffuser loss factor
XC. •Interpolate between \ curves if required.

(e) From the point of intersection of step (d) draw
a horizontal line to intersect with the scale of
the thrust augmentation ratio. Read off this
value of thrist aug-rentation ratio oL, which in
this case would correspond to the incompressible
value including the flow losses and the effect of
a diffuser.
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Similar procedure is applied in the use of the nomograph
for an ejector without diffuser (Figure 18), except that the
vertical line oE step (d) is drawn to intersect the
horizontal scale of thrist augmentation ratio. The point of
intersection of the vertical line with the scale yields the
required value of OL with no diffuser.

The procedure for the use of the nomograph (Figure 22) to
determine the compressible value of thrust augmentation
ratio is similar to that described above. However, in this
case the nomograph is entered using the precomputed values
of ambient-to-stagnation pressure and temperature ratios,
PO/Pop and TO/Top respectively.

In the ases where the ejector performance is required for
some intermediate values of diffuser area ratios a0 ,the
usual interpolation procedures betw-en the nomographs can be
utilized.

6. Limitations of the Nomographs

Although the nomographs (Figures 18 to 22) represent a rapid
and a practical analytical tool in evaluating performance
of a given jet ejector configuration, the usefulness of the
cha~ts is limited by the assumptions inherent in the
analysis.

The major problem exists in the user's ability to accuiately
predetermine the required flow losses of a given ejector
configuration.

The assumptions used to determine thL friction factor along
the mixing chamber walls (f= 0.003), the total mixing chamber
length for complete mixing,and the flow nonuniformity
parameter ( K- 70) for the velocity profile at the secondary
entrance require further experimental verificatior

The nomographs have been carefully prepared and their
acciracy is expected to be within -3 percent of the
computer results.
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C. PROCEDURE FOR DFITERMINING PERFORMANCE OF P GIVEN JET
EJECTOR CONFIGUKATION

The following procedure can be utilized to determine the
performance of a given jet ejector configuration:

(i) Determine the following geometric parameters
and operation conditions:

(a) Type of ejector configuration

(b) Number of primary nozzles, N

(c) Secondary-to-primary area ratio, aE

(d) Diffuser exit-to-entrance area ratio, a0

(e) Diffuser leikgth and expansion angle

(f) Mixing chamber shape

(g) Ejector intake geometry

(h) Ejector operating conditions, Pa/Pop
and TO/Top

(ii) Knowing aE and the type of ejector configuration,
enter Figure 23 and obtain the total mixing
chamber length (L/D) required for co,-.ete mixing.
For the case of a multiple nozzle ejector configu-
ration with N 4.0,determine the total mixing
chamber length using the following equation:

(L)r = L(-) (153)
D . /-N D ,

where (L/D)s can be obtained from Figure 23.
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(iii) Assuming friction factor f = 0.003, compute
ejector friction loss factor f(L/D) using
(L/D) value from step (ii).

(iv) Using data of Reference 26 (or other pertinent
data) and the diffuser geometry from step (i),
determine diffuser loss factor X0 •

(v) Using data of Reference 27 (or other pertinent
data) and ejector intake geometry from step (i),
determine the ejector entrance loss factor XE •

(vi) With the flow losses determined in steps (iii) to
(v) and known values of aE and aD from step (i),
enter the appropriate nomograph and obtain the
incompressible value of thrust augmentation ratio
including flow losses, #L "

(vii) Using aE from step (i) an' assuming K = 70, enter
Figure 3 and obtain OK=7o and 01 . Then

compute the empirical correction factor X from
equation (150). This factor accounts for the
reduction of thrust augmentation ratio due to
nonuniform velocity profile at the secondary

entrance.

(viA) Usr , tile i I' .LiO. /Of Po /.p P't .
and aE from step (i),enter nomograph Figure 22
and determine the compressible value of thrust
augmentation ratio .c • Also, enter Figure 18
using XE = f(L/D) = 0 and obtain ideal value of
thrust augmentation ratio 40 . Then compute the
compressibility correction factor Cc using
equation (151).

(ix) Using OL from step (vi), X from step (vii),and
Cc from step (viii), compute the required thrust
augmentation ratio from equation (152).

(x) For a known mixing chamber shape, compute mass
entrainment ratio w- using equation (34) for
const-nt area mixing or equation (51) for constant

1 15
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pressure mixing. The mass entrainment ratio for
compressible analysis or incompressible analysis
including major flow losses can be most conven-
iently obtained using the computer program
described in Appendix I.

D. SAMPLE CALCULATION

To more clearly indicate the analytical procedures for
determining ejector performance, a sample calculation is
performed as follows:

(i) Assume a single, central nozzle configuration
of constant area mixing chamber having aE = 100
and aD = 2.0. Also assume the following

operation conditions To = 70F, Top 6000F,
Pa - 14.7 lb/in2 , and Pop 21 ib/in2 .

Compute

Ta 70+460 530
To P600+460 1060

P0  14.7P =,=1. 0.7Po p 21.0

(ii) Using aE =l00,enter Figure 23 and obtain

6.4 3

(iii) Assuming friction facLor f = 0.003, calculate
ejector friction loss factor using (L/D) - 6.43
from step (ii). Thus,

f(L/D) = 0.003 X 6.43=0.0193
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(iv) Using data of Reference 26, determine the
diffuscr loss factor

XD= 0.2

(v) Using data of Reference 27, determine entrance
loss factor

XE= 0.1

(vi) With the flow losses computed in steps (iii) to
(v) and using aE = 100, aD = 2.0, enter
nomograph Figure 20 and determine the incompressible
value of thrust augmentation ratio including flow
losses

#,L 1.98

kvri) Assuming i z 70 and using aE 100, enter
Figure 3 and obtain

OK=.7O 1.745

0= =1,776

Compute the empirical correction factor X for
thrilst augmentation ratio due to nonuniform
velocity profile at the secondary entrance; thus,
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=1.745
X 1.760983

(viii) Using the values Pb/Pop = 0.7 and Ta/Tog = 0.5
computed in step (i),enter nomograph Figure 22
and obtain the compressible value of thrust
aiicmentation ratio corresponding to aE = 100.

Thus,

>c= 1.737

Also enter nomograph Figure 18 using

XE = f(L/D) = 0 and aE = 100 and determine
ideal value of thrust augmentationi ratio. Thus,

4I= 1.776

Compute compressibility correction tactor

-, 1.737
-c -- 7,76-0.978

(ix) Finally, using 4 L = 1.98 (from step (vii),
X = 0.983 (from step (vii)), and Cc = 0.978

(from step viii), compute the required thrust
augmentation ratio as follows:

= LXCC 1 1.98 X 0.983 X 0.978 z 1.90
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(x) Using aE 1 100 and aD = 2.0, compute mass
entrainment ratio w from equation (34); thus,

(Qa +I)czD[-(aE-I)CaD+aEV/a2 +aE-I]-(aE2+aD)
CIE2 +D2

r
(I0o+ 1)2L (10-1) 2 +120 +2XI00-1 ] -(I002+2)

100 +2'

=202,[-198 +100yI, v-,]1l004 =,15A9

10004
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VIII. CONCLUSIONS AND RECOMMENDATIONS

1. A review of the technical literature shows that the
existing analytical and experimental information on
the thrust augmentation characteristics of jet ejectors
cannot be used as an effective design tool.

2. The analysis performed in this report indicates that a
constant area mixing ejector yields a higher thrust
augmentation ratio than an equivalent constant pressure
mixing configu ation.

3. For any practical value of secondary-to-primary area
ratio, the thrust augmentation ratio reaches an optimum

value with the diffuser area ratio ranging between 1.5
and 2.0.

4. To oDtain a maximum thrust augmentation, the mixing
chamber length should be compromised so as to ichieve
the best mixing with a minimum wall friction.

5. Annular and multiple nozzle ejectors require
substantially shorter mixing chamber lengths for complete
mixing as compared to an equivalent single, central
nozzle configuration.

6. T,. - i..:s have ', predominant -.ff(ct cn jc ejector
peLAoiitanL-, whereas flow compressibility is only of
secondary importance.

7. An increase of forward speed (parallel or pe-pendicular
to the ejector) causes a decreose of the thrust
aub, ientation ratio.

8. The available test data are insufficient to determine
reliably the validity of the assumptions utilized it)
the analyses. It is therefore rcontmended that a
systematic test program be conducted to deteinine the
applicability of these assumptions as well as to
provide more precise information to evaluate the
empirical correction factors presented in this report.
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APPENDIX I

COMPUTER PROGRAM FOR SOLUTION OF FLOW EQUATIONS
FOR THE PRACTICAL ANALYSIS

Due to the complexity of the flow equations which require
tedious and lengthy computation, it was decided that a more
efficient and accurate method of obtaining the required
results would be by the use of a digital computer. The
practical analysis presented in Section IV was therefore
programned on an IBM 360 computer utilizing BPS FORTRAN IV
language. Two separate prog. ..ms were performed. The first
program deals with the incompressible flow analysis whereby
major flow losses and the effect of a diffuser and forward
speed are included. The second program deals exclusively
with flow compressibility.

1. Incompressible Flow Analysis

As mentioned previously, the effect of the major flow losses,
diffuser, and forward speed are investigated on the basis of
the incompressible flow analysis. This is accomplished by
solving equation (57) for the velocity ratio V3 /V, . The
velocity ratio VIS/Vl^ is then computed from equation (58).
The thrust augmentation ratio 4 and mass entrainment ratio w
are obtained from equations (60) and (62), respectively. A
simplified flow diagram of this program is presented in
Figure 24, and a typical IBM computer output is shown in
Table XIV.

2. Compressible Flow Analysis

The compressible flow analysis as 'resented in Section IV
involves a simultaneous solution c. . the two nonlinear
equations (85) and (86) for the two unknowns V2 /Vap and
Tip/Tap in terms of given input parameters Pa/Pop, Ta/Top
and aE. However, in generating the required computer data,
equations (85) and (86) are solved in their equivalent
dimensional form as follows:
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START

FEAD: NO. OF CASES
AND NO. OF aS

READ: aE'S

READ CASE TITLE,
LOSSES, AREA RATIO

AND-

I
COMPUTE:VIS/V p

V3/Vjp.0 @AND

w FOR EACH aE

PRINT: INPUT
QUANTITIES AND

RESULTS

HAS NO
LAST CASE

RUN

YES

STOP

Figure 24. Computer Flow Diagram
for Incompressible Analysis.
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I

The two nonlinear equations, (154) and (155), are solved 'or

the two unknowns p p and V2 in terms of dimensional input

values of Pa, Pop,"Ta , and Top. The solution of these two

equations, designated as *, and *,, respectively, 
is

obtained using the Newton-Raphson iteration procedure 
and

Taylor's series as follows:

(PIP)i+l (PIP)i + (h) (156)

M) :(V) i + (k)i (157)

where i = 0, 1, 2 ... representing successive iterations.

Using Taylor's series, the functions (*I)i+, and

can be expressed as follows:

i (41) +(h) +-pf (158)

i+ \ /i(

+(h)+(k ka ~i.(159)

Solving for (h)i and (k)i from equations (158) and (159)

yields

-*Ia8/*

W8v2  i (160)

apip V2
a*~r a*=

,8 Pip aV2
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Ia ,apip

(k)i a , a4, (161)

aftp aV2

a4 2  a42

apip aV 2

The above iteration procedure is started assuming initial

conditions (i = 0)

(pp)O K1 p (162)

(V2)0 : K2Vap (163)

where K, and K2 are suitable programmed constants and Ppp

and Va are obtained from equations (71) and (72),
respectively.

A simplified flow diagram of this computer program is shown

in Figure 25, and a typical sample of final output is

presented in Table XV.
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